Pteris vittata sporophytes hyperaccumulate arsenic to 1% to 2% of their dry weight. Like the sporophyte, the gametophyte was found to reduce arsenate [As(V)] to arsenite [As(III)] and store arsenic as free As(III). Here, we report the isolation of an arsenate reductase gene (PvACR2) from gametophytes that can suppress the arsenate sensitivity and arsenic hyperaccumulation phenotypes of yeast (Saccharomyces cerevisiae) lacking the arsenate reductase gene ScACR2. Recombinant PvACR2 protein has in vitro arsenate reductase activity similar to ScACR2. While PvACR2 and ScACR2 have sequence similarities to the CDC25 protein tyrosine phosphatases, they lack phosphatase activity. In contrast, Arath;CDC25, an Arabidopsis (Arabidopsis thaliana) homolog of PvACR2 was found to have both arsenate reductase and phosphatase activities. To our knowledge, PvACR2 is the first reported plant arsenate reductase that lacks phosphatase activity. CDC25 protein tyrosine phosphatases and arsenate reductases have a conserved HCX 5 R motif that defines the active site. PvACR2 is unique in that the arginine of this motif, previously shown to be essential for phosphatase and reductase activity, is replaced with a serine. Steady-state levels of PvACR2 expression in gametophytes were found to be similar in the absence and presence of arsenate, while total arsenate reductase activity in P. vittata gametophytes was found to be constitutive and unaffected by arsenate, consistent with other known metal hyperaccumulation mechanisms in plants. The unusual active site of PvACR2 and the arsenate reductase activities of cell-free extracts correlate with the ability of P. vittata to hyperaccumulate arsenite, suggesting that PvACR2 may play an important role in this process.
Arsenic is a naturally occurring, metalloid element that is potentially toxic to most organisms. Arsenic is a known human carcinogen (Hughes, 2002; Shi et al., 2004) , and while there is great interest in the study of arsenic uptake and accumulation by plants for remediating arsenic polluted soils and waters (Salt et al., 1998) , the metabolism of arsenic in plants is poorly understood. This process is especially important to human and environmental toxicology because plants, including food crops such as rice (Oryza sativa; Meharg, 2004; Laparra et al., 2005) , are known to convert the arsenate that is taken up by the plant to the more toxic arsenite (for review, see Carter et al., 2003) . In addition to environmental concerns, arsenic has important medicinal value. Arsenic trioxide has recently emerged as the chemotherapeutic agent of choice for the treatment of acute promyelocytic leukemia (Sanz et al., 2005) and also holds promise for the treatment of ovarian cancer (Kong et al., 2005) . Whether arsenic is considered a detriment or a cure, understanding the mechanisms responsible for arsenic metabolism, toxicity, and resistance or tolerance can be of benefit for the prevention as well as effective treatment of human diseases.
The genus Pteris (Pteridaceae) is remarkable in that it has several species, including Pteris vittata, that hyperaccumulate arsenic (Visoottiviseth et al., 2002; Meharg, 2003; Raab et al., 2004) . When grown in areas with elevated levels of arsenic, more than 1% of the dry weight of a P. vittata frond is arsenic (Tongbin et al., 2002; Wang et al., 2002) . Previous studies have shown that this plant efficiently takes up arsenate As(V) from the soil and rapidly transports it to the shoot in the xylem mainly as As(V) (Kertulis et al., 2005) , where it arrives in the petiole and midrib of the frond as arsenate (Hokura et al., 2006) and is finally stored in the fronds as free arsenite As(III), as determined by x-ray absorption spectroscopy (XAS; Lombi et al., 2002; Webb et al., 2003; Ze-Chun et al., 2004) and highpressure liquid chromatography-inductively coupled plasma mass spectrometry (HPLC-ICP-MS; Wang et al., 2002; Zhao et al., 2003) . Such a model suggests that arsenate in the frond is reduced to arsenite for storage. However, this model is not supported by Duan et al. (2005) , who were unable to detect any arsenate reductase activity, measured as arsenate-dependant oxidation of NADPH in a crude frond extract.
Like other homosporous ferns, each P. vittata sporophyte produces and releases abundant haploid spores that germinate and develop as autotrophic haploid gametophytes. Each gametophyte consists mostly of a small (approximately 2 mm) single layer of cells. These free-living gametophytes tolerate up to 5 mM arsenate without showing symptoms of arsenic toxicity and hyperaccumulate up to 2% of their dry weight as arsenic (Gumaelius et al., 2004) . Their simple morphology, rapid growth under highly controlled environments, and ability to hyperaccumulate arsenic make the gametophyte of P. vittata an experimentally tractable system for studying arsenic tolerance and hyperaccumulation in this fern (Gumaelius et al., 2004) .
Arsenic nonaccumulating plants, such as Brassica juncea and Arabidopsis (Arabidopsis thaliana), also reduce of arsenate to arsenite. However, the arsenite that accumulates is coordinated to thiolate ligands and remains sequestered in the root (Pickering et al., 2000a; Dhankher et al., 2002) . This suggests that while all plants may reduce arsenate to arsenite, there are significant differences between P. vittata and arsenic nonhyperaccumulating plants in how they store, transport, and ultimately tolerate or detoxify arsenic. While the physiology of arsenic hyperaccumulation in P. vittata sporophytes has been studied extensively, no genes that define the molecular mechanisms underlying this process have been identified.
One approach to identify P. vittata genes required for arsenic tolerance and hyperaccumulation is to make use of the yeast (Saccharomyces cerevisiae) where the molecular mechanisms of arsenic tolerance have been well studied (Bobrowicz et al., 1997; Ghosh et al., 1999; Mukhopadhyay et al., 2000; Wysocki et al., 2003 Wysocki et al., , 2004 Haugen et al., 2004) . The yeast arsenic resistance locus encodes a cluster of three arsenic resistance, or ARC, genes (ACR1, ACR2, and ACR3) that are required for arsenic tolerance (Bobrowicz et al., 1997) . The yeast ACR2 gene (referred to here as ScACR2) encodes an arsenic-specific arsenate reductase (Mukhopadhyay and Rosen, 1998; Mukhopadhyay et al., 2000) . Deletion of ScACR2 in yeast results in an arsenate-sensitive phenotype (Mukhopadhyay and Rosen, 1998) . In this study, we describe the biochemical characterization of an arsenate reductase from P. vittata that was isolated by complementing a ScACR2 deletion mutant with a cDNA library generated from P. vittata gametophytes. The biochemical properties of the P. vittata arsenate reductase are described and compared to ScACR2 and the related protein Arath;CDC25 from Arabidopsis.
RESULTS
Chemical Speciation of Arsenic in P. vittata While P. vittata gametophytes hyperaccumulate arsenic, it is not known what form of arsenic is stored in the gametophyte. To address this, XAS was applied to bulked, intact, flash-frozen P. vittata gametophytes grown in the presence of 8 mM arsenate. These results show that gametophytes store 95% 6 3% of the accumulated arsenic as arsenite (AsIII), with none of the arsenite coordinated by thiol ligands (Fig. 1) . The remaining 5% 6 3% of the accumulated arsenic remains as arsenate (AsV). Similar results were also obtained from gametophytes grown in 1.3 and 4 mM arsenate (data not shown). A similar analysis of P. vittata sporophyte frond tissue (Fig. 1) shows that 92% 6 3% of arsenic is stored as arsenite, with 6% 6 2% as arsenate and 2% 6 1% as an As(III) thiolate complex.
Phenotype Suppression Cloning of P. vittata Arsenate Reductase
To identify an arsenate reductase gene in P. vittata, we transformed the arsenate-sensitive yeast strain RM1 (Dacr2) with a cDNA expression library generated from mRNA isolated from 1 mM arsenate-grown gametophytes. Yeast colonies that were able to grow in the presence of 10 mM arsenate, a concentration of arsenic that is lethal to RM1 yeast, were selected. One positive colony was characterized in detail. This colony displayed arsenate resistance comparable to wild type based upon growth on both solid and liquid media containing arsenate (Fig. 2 , A-C) and accumulated levels of arsenic similar to wild-type yeast (Fig.   Figure 1 . Arsenic K-near-edge XAS. Points represent data from frond tissue of a sporophyte grown in arsenic-contaminated soil (a), gametophytes grown in 8 mM arsenate-containing media (b), and As K-edge XAS of the arsenic model compounds used for fitting (c). The solid line represents the best fit to the spectrum from a linear combination of As K-edge XAS for aqueous standards of arsenate, arsenite, and As(III)-trisglutathione. The fits represent 6% 6 2%, 92% 6 3%, and 2% 6 1% for the sporophyte frond, and 5% 6 3%, 95% 6 3%, and 0% for the gametophyte of arsenate, arsenite, and As(III)-tris-glutathione, respectively. Arsenate (dotted line), arsenite (solid line), and As(III)-tris-glutathione (dashed line) were included as model compounds.
2D). The protein predicted from the nucleotide sequence of the transforming P. vittata cDNA contains 134 amino acids, four amino acids longer than ScACR2, and shares 25% identity (47% similarity) to ScACR2 (Fig. 3A) . Based upon the suppression of the arsenicrelated phenotypes of RM1 and its amino acid sequence similarity to ScACR2 (Fig. 3A) , we named the P. vittata gene PvACR2.
Sequence Analysis of PvACR2
A BLAST (Altschul et al., 1990 ) search of the genome of Arabidopsis, a nonarsenic accumulator, revealed that Arabidopsis has one gene, Arath;CDC25, that is closely related to PvACR2. Arath;CDC25 was initially characterized as a phosphatase (Landrieu et al., 2004a (Landrieu et al., , 2004b Sorrell et al., 2005) and more recently has been suggested to play a role in arsenate reduction (Bleeker Dhankher et al., 2006) . Arath;CDC25 shares 42% sequence identity (60% similarity) with PvACR2 and 26% identity (45% similarity) to ScACR2 (Fig. 3A) . Plant, yeast, and protista CDC25-like proteins are all related to the C-terminal phosphatase domain of CDC25 phosphatases (Fig. 3B) . All of the plant proteins form a distinct clade that has the conserved residues thought to bind zinc (Zn) in Arath;CDC25 ( Fig.  3A ; Landrieu et al., 2004a Landrieu et al., , 2004b , suggesting that Zn may be an important cofactor of plant but not yeast or protista CDC25/ACR2-like enzymes. The yeast CDC25-like proteins also form a distinct clade that contains a phosphatase (IBP1p; Snaith et al., 2003) , an arsenate reductase (ACR2), and YGR203Wp, a protein shown not to be involved in arsenate resistance in yeast and whose function is unknown (Mukhopadhyay et al., 2000) .
Arsenate Reductase Activity of PvACR2 and Arath;CDC25
To determine the enzymatic activity of the PvACR2 and Arath;CDC25 proteins they were overproduced in Escherichia coli and purified. PvACR2 was expressed in E. coli from a T7 promoter as an N-terminal fusion with a thioredoxin, S-tag, and six-His tag. Arath;CDC25 was expressed in E. coli from a T7 promoter as an N-terminal fusion with a six-His tag (Landrieu et al., 2004a) . Soluble proteins were purified using a Co 21 affinity resin and the entire N-terminal tag removed from PvACR2 using enteriokinase. ScACR2 protein was also overproduced in E. coli and purified as previously described by Mukhopadhyay et al. (2000) and used as a positive control. Arsenate reductase activity was assayed following the method developed for ScACR2 (Mukhopadhyay et al., 2000) . In this assay, arsenate reduction is coupled to NADP (NADPH) oxidation via the reduction of oxidized glutathione by glutathione reductase and with the resulting glutathione (GSH) serving as the electron donor for arsenate reduction. Rates of NADPH oxidation were measured as loss of optical density at 340 nm and were found to be minimal in the absence of purified ScACR2, PvACR2, or Arath;CDC25 protein, while reaction rates increased dramatically in the presence of these proteins ( Fig. 4A ). Enzyme assays were also performed in the absence of arsenate, GSH, or glutaredoxin (GRX), and all were found to be required for arsenate reductase activity (data not shown). To confirm the results of the coupled assay, we modified an HPLC-ICP-MS Figure 4 . A, Time course of arsenate reductase activity, estimated as nmol NADPH oxidized; control (squares) complete assay mix with GRX2 but no reductase (squares), Arath;CDC25 (diamonds), P. vittata PvACR2 (circles), and yeast ScACR2 (triangles) in the presence of 40 mM arsenate in the assay mix. Data represents the mean (n 5 3) 6 SE. B, Arsenate reductase activity measured as arsenite production over 45 min using LC-ICP-MS, with control (complete assay mix without enzyme), recombinant Arath;CDC25 (black), PvACR2 (gray), and ScACR2 (white) in the presence of 40 mM arsenate in the assay mix; nd, Not detected. Data represents the mean (n 5 3) 6 SE. C, Phosphatase activity measured as hydrolysis of p-nitrophenol phosphate by Arath;CDC25, PvACR2, and ScACR2 recombinant protein. Data represents the mean (n 5 3) 6 SE. D, Arsenate reductase activity (loss NADPH) with increasing concentrations of recombinant PvACR, at 40 mM arsenate in the assay mix. Data represents the mean (n 5 3) 6 SE. E, Arsenate reductase activity of recombinant PvACR with increasing concentrations of arsenate in the assay mix. Data represents the mean (n 5 3) 6 SE. Kinetic constants (6SD) determined using a nonlinear regression to the data, using the Marquardt-Levenberg algorithm. method (Wangkarn and Pergantis, 2000) to allow the direct measurement of arsenite production in the same reaction mixture used in the coupled assay (Fig. 4B ). In the presence of arsenate, GSH, and GRX, but in the absence of either ScACR2, PvACR2, or Arath;CDC25, no detectable arsenite was produced in 45 min (Fig.  4B ). The addition of purified ScACR2, PvACR2, or Arath;CDC25 to the reaction mixture catalyzed the accumulation of arsenite (Fig. 4B) , with the rate of arsenite accumulation mirroring that found using the coupled assay, with ScACR2 . PvACR2 . Arath;CDC25 (Fig. 4, A and B) . The results of both assays clearly demonstrate that PvACR2 and Arath;CDC25 have arsenate reductase activity that requires both GSH and GRX for the production of arsenite, as does ScACR2 (Mukhopadhyay et al., 2000) .
Kinetic Properties of PvACR2 Catalyzed Arsenate Reduction
The initial rate of arsenate reduction as a function of PvACR2 concentration was determined and shown to increase linearly with increasing concentrations of purified PvACR2 protein (Fig. 4D ). The rate of arsenate reduction as a function of arsenate concentration was also determined (Fig. 4E ). The data was well fitted by the standard Michaelis-Menten model (
, and kinetic constants (6SD) determined using a nonlinear regression to the data using the MarquardtLevenberg algorithm (Fig. 4E ). The PvACR2 K M for arsenate is 28 6 8 mM with a V max 5 0.19 6 0.02 nmol min 21 nmol protein
21
. Preliminary evidence also suggests that the arsenate reductase of PvACR2, like ScACR2, is inhibited by arsenite (data not shown).
Phosphatase Activity of PvACR2 and Arath;CDC25 Because PvACR2 and Arath;CDC25 are also similar in sequence to phosphatases, purified PvACR2, ScACR2, and Arath;CDC25 were assayed for phosphatase activity in vitro at pH 6.5 and 7.5. PvACR2 and ScACR2 had very low levels of phosphatase activity (Fig. 4C ) consistent with that previously reported for ScACR2 (Mukhopadhyay et al., 2000) . However, Arath;CDC25 had high levels of phosphatase activity consistent with its previous identification as a phosphatase (Landrieu et al., 2004a (Landrieu et al., , 2004b .
Steady-State Expression Levels of PvACR2 and Arsenate Reductase Activity in P. vittata Gametophytes Steady-state levels of PvACR2 mRNA were determined by reverse transcription (RT)-PCR and quantitative (q)RT-PCR. As shown in Figure 5A , PCR products amplified using PvACR2-specific primers could be detected in approximately equal quantities in gametophyte samples grown in the absence or presence of 10 mM arsenate. PvACR2 mRNA levels were also established to be unaffected by arsenate exposure based on qRT-PCR, with little difference in expression in gametophytes grown in the presence of 0 and 10 mM arsenate (DDCT 5 0.4 6 2.6). Similar results were also obtained with gametophytes grown in 0 and 1 mM arsenate (data not shown). To demonstrate that arsenate reductase activity occurs in P. vittata gametophytes in vivo, desalted cell free extracts of gametophytes were assayed for arsenate activity using the coupled assay previously described. Levels of NADPH oxidation increased upon addition of arsenate to gametophyte cell-free extracts (Fig. 5B) . However, in the absence of GSH and GRX, NADPH oxidation was not detected, demonstrating that arsenate reduction in cell-free extracts is dependent upon both GSH and GRX. Gametophyte extracts were also found to reduce arsenate almost equally well independent of the amount of arsenate in their growth medium (Fig. 5B) .
DISCUSSION
Mechanisms for arsenic uptake and detoxification have been best studied in the yeast and the bacteria E. coli and Bacillus subtilis (for review, see Rosen, 2002) . In these microbes, arsenate (a phosphate analog) is taken up by phosphate transporters (Willsky and Malamy, 1980 ; Bun-ya et al., 1996; Yompakdee et al., 1996), Figure 5 . A, Relative levels of PvACR2 mRNA in gametophytes grown in the presence or absence of arsenate, as determined by RT-PCR. The gene-specific primers used are indicated on the left, and the source of cDNA template indicated at the top of the figure; EF-1b-specific primers were used as an internal control. B, Arsenate reductase activity in P. vittata gametophyte cell-free extracts. Black bars represent rates of NADPH oxidation in the absence of arsenate in the assay, gray bars represent rates with 100 mM arsenate included in the assay. Data represents the mean of four replicate assays (6SE).
reduced to arsenite by arsenate reductases (Liu et al., 2002) , and extruded from the cell by a variety of arsenite transporters (for review, see Rosen, 2002) . In yeast, glutathione-conjugated arsenite may also be transported into the vacuole (Ghosh et al., 1999) . Plants are known to reduce arsenate and store arsenite-thiol complexes in their vacuoles (Pickering et al., 2000a) . Interestingly, recent evidence suggests that the CDC25-like protein Arath;CDC25, which has been previously shown to have phosphate activity (Landrieu et al., 2004a (Landrieu et al., , 2004b Sorrell et al., 2005) , contributes to the arsenate reduction capacity of the arsenic nonaccumulator Arabidopsis (Duan et al., 2005; Bleeker et al., 2006; Dhankher et al., 2006) . A T-DNA insertion mutation in the Arath;CDC25 sequence produced a complete loss of arsenate reductase activity in both shoots and roots of 3-week-old hydroponically grown plants treated with 300 mM arsenate for 9 d (Duan et al., 2005) . In an independent study, roots of the same mutant line were also assayed for arsenate reductase activity by Bleeker et al. (2006) . In this study, arsenate reductase activity was unchanged in crude extracts of roots from plants not exposed to arsenate and was reduced by 36% in plants exposed to arsenate. This study also established that purified recombinant Arath:CDC25 protein (termed AtASR) has arsenate reductase activity in vitro and concludes that Arath;CDC25 accounts for only that proportion of the arsenate reductase activity that is inducible by arsenate, which represents 36% of the total arsenate reductase activity in Arabidopsis roots. The basis for the difference between the Duan et al. (2005) and Bleeker et al. (2006) results remains to be resolved. The capacity of Arath;CDC25 to reduce arsenate was further established by the fact that Arath;CDC25 is capable of suppressing the arsenate sensitivity of E. coli lacking its native arsenate reductase (Dhankher et al., 2006) . Interestingly, T-DNA insertional mutants of Arath;CDC25 accumulate 5-fold less total arsenic in shoots than wild-type plants over a range of arsenate concentrations in the nutrient solution (Bleeker et al., 2006) . However, in a separate study, suppression of Arath;CDC25 mRNA (termed AtACR2) using an RNAi construct produced plants with a 7-fold increase in shoot arsenic accumulation (Dhankher et al., 2006) . The discrepancy between these studies makes their interpretation difficult in the context of the physiological role of Arath;CDC25. However, they do clearly demonstrate that this dual function phosphatase/ arsenate reductase plays a significant role in the physiological processes that affect arsenate metabolism in Arabidopsis.
The arsenic hyperaccumulating fern P. vittata is an unprecedented system for the study of arsenic metabolism and the evolution of arsenic tolerance and resistance mechanisms in plants and other multicellular organisms. Here, we show that when grown in the presence of arsenate, the simple, haploid gametophytes of P. vittata convert 90% to 95% of accumulated arsenic to free arsenite, with only a very minor portion of the arsenic being accumulated as an As(III) thiolate complex. Similar results are observed for the diploid sporophyte plant, consistent with previous observations of this and the related species Pteris cretica (Tongbin et al., 2002; Meharg, 2003) . Because the gametophyte is morphologically simple and is able to reduce and store arsenic in a manner similar to the sporophyte plant, we have used the gametophyte as a source of material to examine whether P. vittata metabolizes arsenic by a mechanism similar to that of yeast. Here, we focus on the identification and functional characterization of a P. vittata gene similar to the yeast arsenate reductase gene ScACR2.
Suppression-screening of yeast strain RM1 harboring a deletion of the ScACR2 gene resulted in the isolation of a cDNA from P. vittata gametophytes, which suppresses the arsenate sensitivity phenotype of this yeast mutant. The protein deduced from the cDNA sequence (PvACR2) is similar in size and sequence to ScACR2 and represents the first plant gene identified that almost completely complements the loss of the ScACR2 gene in yeast. The hyperaccumulation of arsenic in RM1, a phenotype not reported previously, is also complemented by the PvACR2 gene. This additional phenotype of RM1 is not unexpected since an arsenate-exporting protein that extrudes arsenate from the cell has not been detected in yeast, which is known to rely on ACR3 to efflux arsenite. That PvACR2 also suppresses the arsenic hyperaccumulation phenotype in Dacr2 provides additional support that PvACR2 is functionally similar to the ScACR2 gene of yeast.
With the exception of PvACR2, ScACR2 and other CDC25-like proteins have in common a HCX 5 R amino acid motif that also defines the active-site loop of ScACR2 (Streuli et al., 1990; Zhang et al., 1994; Hoff et al., 1999; Jackson and Denu, 2001 ). While ScACR2, PvACR2, and Arath;CDC25 all have the conserved His and Cys residues within their predicted catalytic site, only PvACR2 lacks the conserved Arg residue. In yeast, substitution of this residue with Ala abolishes the arsenate reductase activity of ScACR2, suggesting that this Arg is essential for its activity (Mukhopadhyay and Rosen, 2001 ). The occurrence of Ser instead of Arg within the putative active site of PvACR2 suggests that either PvACR2 is not an arsenate reductase or that the amino acid sequence of the active site can be more flexible than previously thought.
To directly establish that PvACR2 can function as an arsenate reductase, we measured its capacity to catalyze the reduction of arsenate to arsenite using both an indirect coupled assay, first established to measure the arsenate reductase activity of ScACR2, and the direct measurement of arsenite. Both assays confirmed that PvACR2 acts as an arsenate reductase that requires GRX for activity and GSH as the primary electron donor. PvACR2 has a K M for arsenate of 28 6 8 mM, similar to that reported for ScACR2, which has a K M for arsenate of 35 mM (Mukhopadhyay et al., 2000) . PvACR2 has a V max 5 0.19 6 0.02 nmol min 21 nmol protein 21 , which is approximately 30-fold lower than that previously established for ScACR2 (Mukhopadhyay et al., 2000) . It is important to note that the reported V max value for ScACR2 is based upon the coupled reaction using the appropriate yeast GRX1 enzyme and a reaction temperature of 37°C (Mukhopadhyay et al., 2000) . Because the in vivo coupling mechanism for PvACR2 is unknown, we used the E. coli GRX 2 (EcGRX2) enzyme in this study and performed the coupled enzyme reactions at room temperature. Similarly, the discrepancy between the reported K M value of 2.3 mM for an arsenate reductase activity in crude extracts from P. vittata sporophyte roots (Duan et al., 2005) could also be attributed to the use of the EcGRX2 in our in vitro assay. The difference in the V max values for ScACR2 and PvACR2 may also be attributed to the choice of GRXs used in each reaction. Given that Arabidopsis has 30 GRX genes (Lemaire, 2004 ) and a genomic sequence is not available for P. vittata, it is difficult to determine which GRX would be most appropriate for these reactions. Nevertheless, our observations of the enzymatic properties of PvACR2 demonstrate that the unique configuration of the active site of PvACR2 does allow it to reduce arsenate, although the mechanism may differ from that of ScACR2. We also observed that the closely related Arath;CDC25 protein has a similar capacity to reduce arsenate to arsenite in a GSH-and GRX-dependent manner as PvACR2. Although Arath;CDC25 has been characterized as a phosphatase (Landrieu et al., 2004a (Landrieu et al., , 2004b ; this work), it clearly also has the in vitro capacity to function as an arsenate reductase. Our observation that Arath;CDC25 has an arsenate reductase activity in vitro agrees with Bleeker et al. (2006) . However, we are puzzled as to the mechanism of the arsenate reductase activity of Arath;CDC25 observed by Bleeker and coworkers, as their arsenate reductase assays were performed in the absence of GRX. To date, all characterized arsenate reductases have a requirement for GRX or thioredoxin, which serve as electron donors (Rosen, 2002) .
PvACR2 and Arath;CDC25 are similar in sequence to both arsenate reductases and phosphatases (Fig. 3B) so it is unclear if they function as arsenate reductases, phosphatases, or both. Arath;CDC25 has been shown to function as a phosphatase (Landrieu et al., 2004a (Landrieu et al., , 2004b ; this work), although more recent evidence has shown that Arath;CDC25 may act as an arsenate reductase in vivo (Bleeker et al., 2006; Dhankher et al., 2006) . Like ScACR2 (Mukhopadhyay et al., 2003) , we found that PvACR2 has very low phosphatase activity, whereas Arath;CDC25 has strong phosphatase activity. Previous phylogenetic studies have used the observation that Arath;CDC25 is more closely related to the yeast ScACR2 than to CDC25 phosphatases as support for the model that Arath;CDC25 functions as an arsenate reductase rather than as a phosphatase (Dhankher et al., 2006) . However, it is clear when such a phylogenetic study is extended by the addition of more CDC25-like protein sequences Landrieu et al. (2004a Landrieu et al. ( , 2004b including the Schizosaccharomyces pombe IBP1p phosphatase (Fig. 3B) , that Arath;CDC25 and PvACR2 are both equally related to arsenate reductase (ScACR2; Mukhopadhyay and Rosen, 1998; Mukhopadhyay et al., 2000) , phosphatase (IBP1p; Snaith et al., 2003) , and dual arsenate reductase/phosphatase sequences (LmACR2; Zhou et al., 2006 ). With our current limited understanding of arsenate reductase structure/function relationships such phylogenies have no predictive power for the assignment of function to biochemically uncharacterized CDC25-like proteins. However, based on our biochemical characterization of PvACR2, although it is more similar in amino acid sequence to Arath;CDC25 than ScACR2, its arsenate reductase activity and lack of phosphatase activity indicate that it functionally more closely resembles ScACR2 than Arath;CDC25. PvACR2 from P. vittata, therefore, represents the first functional ortholog of the yeast arsenate reductase (ScACR2) characterized from plants or other eukaryotes.
We have established that in vitro PvACR2 acts as a specific GSH-dependent arsenate reductase; however, its role in vivo is still speculative. Noninvasive XAS of arsenate-grown P. vittata gametophytes shows that they accumulate arsenite, suggesting that they have the capacity to efficiently reduce arsenate to arsenite in vivo. An analysis of cell-free extracts of P. vittata gametophytes grown in the absence or presence of arsenate revealed that a biochemical capacity to reduce arsenate is present in gametophytes and that this activity is constitutive. The steady-state levels of PvACR2 expression also indicate that the gene is constitutively expressed as PvACR2 mRNA accumulates in both the absence and presence of arsenate. The constitutive activation of various biochemical processes known to be involved in metal hyperaccumulation has been observed in a number of metal hyperaccumulating plants. In the hyperaccumulators Thlaspi caerulescens (Cd/Ni/Zn), Thlaspi goesingense (Ni/Zn), and Arabidopsis halleri (Zn), for example, genes involved in Zn homeostasis, including Zn influx transporters in the ZRT1-and IRT1-like protein (ZIP) family, Zn efflux transporters in the P-type ATP-dependent metal transporter family, Nramp ion-transporter, and cation diffusion facilitator (CDF) families are constitutively expressed at relatively high levels (Pence et al., 2000; Assuncao et al., 2001; Persans et al., 2001; Becher et al., 2004; Freeman et al., 2004; Papoyan and Kochian, 2004; Weber et al., 2004) . Furthermore, levels of the antioxidant glutathione are also constitutively elevated in various nickel hyperaccumulating Thlaspi species, driven by constitutive activation of the sulfur assimilation enzyme Ser acetyltransferase (Freeman et al., 2004) . It is thought that these types of permanent biochemical adjustments reflect the fact that hyperaccumulation is not an inducible environmental stress response but rather, a constitutively expressed adaptive trait (Reeves and Baker, 1984) .
While the requirement of the PvACR2 gene for arsenic tolerance or hyperaccumulation in P. vittata has not been established at this time, the results of this study suggest that PvACR2 is likely to play an important role in arsenic metabolism in this species. Its similarity to ScACR2 in structure and function, together with the differences between PvACR2 and Arath;CDC25 in phosphatase activity, also suggests that the evolution of arsenic tolerance in P. vittata may have involved mutations that affected the function of a protein-Tyr phosphatase. A recent study in yeast (Mukhopadhyay et al., 2003) demonstrated that changing only three amino acid residues of ScACR2 was sufficient to change its activity from an arsenate reductase to a protein-Tyr phosphatase. A functional and phylogenetic characterization of ACR2-like genes from other ferns and angiosperms is likely to shed light on the evolutionary relationships between Arath;CDC25 and PvACR2, and, more importantly, how the arsenic hyperaccumulating trait may have evolved in P. vittata. While the role of PvACR2 in arsenic hyperaccumulation is speculative, its identification provides a starting point for dissecting the molecular mechanisms that underlie arsenic tolerance and hyperaccumulation in this extraordinary plant.
MATERIALS AND METHODS

Arsenic K-Edge XAS
Field collected Pteris vittata sporophytes grown in arsenic-contaminated soil were used for XAS. Gametophytes were grown from spores in media (Gumaelius et al., 2004) containing 8 mM arsenate. Living P. vittata sporophytes and gametophytes were transported to the Stanford Synchrotron Radiation Laboratory for XAS analysis of bulk tissue samples following established procedures (Pickering et al., 2000b) .
Bacterial Strains, Yeast Strains, and Plasmids
Strains and plasmids used in this study are described in Table I .
Cloning of PvACR2
The yeast (Saccharomyces cerevisiae) expression library was constructed from RNA purified from P. vittata gametophytes grown in liquid culture (Gumaelius et al., 2004) containing 1 mM KH 2 AsO 4 for 6 weeks, using the Creator SMART cDNA library construction kit (CLONTECH) following the manufacturer's instructions. The library was constructed in the yeast expression vector p424-Sfi containing a Trp selectable marker. The library was transformed into the yeast strain RM1 (Dacr2), and the resulting transformants were selected on minimal media without Trp containing 2% Glc and 10 mM Na 2 HAsO 4 . Plates were incubated for 5 to 7 d at 30°C. All colonies were restreaked onto fresh selection plates, and those with the best growth were selected, the plasmid isolated, amplified in Escherichia coli, and retransformed back into RM1 to confirm its ability to suppress the arsenate sensitivity of RM1. Isolated plasmid was also used for sequencing of the cDNA. The sequence of PvACR2 was confirmed by sequencing two other independent cDNA inserts isolated from the P. vittata cDNA library. The PvACR2 sequence was deposited into GenBank (accession no. DQ310370).
Complementation of Yeast
Liquid culture complementation experiments followed existing procedures (Mukhopadhyay et al., 2000) . For plate assays, yeast strains Dacr2 p424, Dacr2 p424-PvACR2, and W303-B p424 (Mumberg et al., 1995) were grown at 30°C in minimal media without Trp supplemented with 2% Glc. Spots of 5-fold serial dilutions of the cultures (7 mL) were applied onto 1% agar plates containing minimal media without Trp supplemented with Na 2 HAsO 4 as indicated. The plates were incubated at 30°C for 4 to 5 d.
Phylogenetic Analysis
Phylogenetic analyses were conducted using MEGA version 3 (Kumar et al., 2004) . Protein sequences were aligned using ClustalW and the dendrogram constructed using distance methods of neighbor joining (Saitou and Nei, 1987) , performed on a Kimura-2 parameter (pairwise distances; Kimura, 1980) . Bootstraps were carried out with 1,000 replications. The GenBank accession numbers for the protein sequences or the nucleotide sequences from which protein sequence was deduced are: NP_568119 (Arath;CDC25), DW019041 (Medicago truncatula), AA411500 (HlARS), CB091734 (C. rumphii), DR483768 (P. sitchensis), DQ310370 (PvACR2), BJ947601(P. patens), DN263821 (M. viride), NP_015526 (ScACR2p),CAB46700 (IBP1p), Q06597(YGR203Wp), AA573185 (LmACR2), AAQ16122 (O. tauri cdc25), CAA90849 (S. pombe cdc25), and NP_013750 (yeast cdc25). The protein from S. moellendorffii was deduced from expressed sequence tag 1590812 obtained from http://selaginella. genomics.purdue.edu.
Protein Expression and Purification
The PvACR2 reading frame was amplified by PCR with primers that added a NcoI and XhoI site to the 5# and 3# ends of the fragment, respectively. The PCR fragment was cloned into pGEM-T (Promega). The resulting plasmid was digested with NcoI and XhoI and the fragment ligated into the NcoI-XhoI site of pET32A (Novagen) in frame with the N-terminal thioredoxin, S-tag, and six-His tag, creating plasmid pET-PvACR2. For protein expression in E. coli, Rosseta pLysS (Novagen) cells transformed with pET-PvACR2 were grown at 37°C in Luria-Bertani medium containing 50 mg/mL ampicillin and 20 mM ZnSO 4 . At an A 600 of 0.5, isopropylthio-b-galactoside was added to a final concentration of 0.4 mM, and the culture grown for 3 h at 30°C. Expression of EcGRX2, ScACR2, and Arath;CDC25 were as previously described (Shi et al., 1999; Mukhopadhyay et al., 2000; Landrieu et al., 2004a Landrieu et al., , 2004b . Total proteins were extracted according to Mukhopadhyay et al. (2000) . Recombinant proteins were affinity purified using TALON cobalt resin (CLONTECH). The PvACR2 N-terminal thioredoxin and His tag were cleaved following the manufacturer's instructions (Novagen). Proteins were concentrated and extraction buffer exchanged to 50 mM MOPS, pH 6.5, 0.5 M NaCl, 20% glycerol, and 10 mM b-mercaptoethanol using Vivaspin columns with a 2,000 M r cutoff. Arath;CDC25 recombinant protein was stored at 4°C and used promptly; other proteins were stored at 280°C. Protein concentrations were determined at 280 nm using the extinction coefficients 14,300 Gill and von Hippel (1989) .
Arsenate Reductase Assay
Arsenate reductase activity was measured using a previously established coupled assay (Mukhopadhyay et al., 2000) . The assay buffer consisted of 50 mM MES, 50 mM MOPS, pH 6.5, 300 mM NaCl, 0.1 mg/mL bovine serum albumin, 1 mM GSH, 250 mM NADPH, 50 nM glutathione reductase, and 1 mM EcGrx2. Purified protein and Na 2 HAsO 4 were added as indicated. The assays were carried out in a final reaction volume of 100 mL at room temperature. Reductase activity was measured as a change in A 340 . The nmoles of NADPH oxidized during the assay were calculated using a molar extinction coefficient of 6,200 M 21 cm 21 . Enzyme kinetic constants were calculated according to the Marquardt-Levenberg algorithm that uses a nonlinear, least-squares regression to find the minimum sum of squares (Brooks, 1992) .
Arsenate Reductase Assays of Cell-Free Extracts
Cell-free extracts were obtained from 1-month-old shake-grown P. vittata gametophyte cultures grown in 0.5 3 Murashige and Skoog salts (Sigma M5524) plus 3.9 g/L MES, pH 6.5. Three replicates of cultures grown in 0 or 10 mM KH 2 AsO 4 were assayed. Gametophytes were filtered onto a number 1 Whatman cellulose filter and washed with 2 L distilled, deionized water; 0.3 g of tissue was ground in liquid nitrogen for 15 min, resuspended in 10 mL degassed extraction buffer (0.3 M KCl, 50 mM MOPS/MES, 10 mM b-mercaptoethanol, 1% proteinase inhibitor cocktail [Sigma P9599], 0.33 g polyvinylpyridine, and 5% glycerol), and centrifuged at 1,857g for 15 min at 4°C. The supernatant was centrifuged for 35 min at 18,000g and the resulting supernatant centrifuged at 100,000g for 1 h.
The supernatant was transferred to Vivaspin 2,000 M r cutoff concentrators (VivaScience VS15RH92), concentrated to 500 mL, resuspended in 2.5 mL extraction buffer, and this procedure repeated twice. Total protein concentration was determined using the Coomassie Plus protein assay reagent (Pierce 23236) using a bovine serum albumin standard curve. Arsenate reductase assays were performed with 1.7 mg mL 21 total protein per assay, as previously described.
Phosphatase Assay
Purified PvACR2, ScACR2, and Arath;CDC25 (10 mM) were incubated for 15 min at 30°C with 100 mM p-nitrophenol phosphate (Sigma) phosphatase substrate in 50 mM MES, 50 mM MOPS, pH 6.5 or 7.5, and 0.3 M NaCl (Mukhopadhyay et al., 2003; Landrieu et al., 2004a Landrieu et al., , 2004b . The reaction was terminated by the addition of 200 mL of 1 M NaOH and the absorbance measured at 410 nm. Phosphatase activity was calculated using a molar extinction coefficient of 1.78 3 10 4 M 21 cm 21 .
RT-PCR
P. vittata gametophyte cultures were grown in liquid media for 2 weeks in the presence of 0 or 10 mM KH 2 AsO 4 . Gametophytes were harvested, washed with distilled, deionized water, and ground in liquid nitrogen. Total RNA was extracted from approximately 100 mg of gametophytes using a RNeasy Plant Mini kit (Qiagen). First-strand cDNA was synthesized using the SuperScript III kit (Invitrogen). PCR primers were designed using Primer Express 2.0 software (ABI Biosystems). The PvACR2 primers used were 5#-GCATAGCG-GACCTGCATGT-3# (forward) and 5#-GCGGCTTCGATTTCTTTCTTG-3# (reverse). P. vittata elongation factor-1b (EF-1b) was used as the internal control and the primers used were EF-1b forward 5#-GAAGCCTTGGGATGATGAAA-3# and EF-1b reverse 5#-CCTCGATCAGGTTGTCCACT-3#. PCR conditions were 2 min at 94°C, 30 cycles of 20 s at 94°C, 20 s at 55°C, and 30 s at 72°C, followed by 5 min at 72°C.
Real-Time qRT-PCR
P. vittata gametophyte mRNA was extracted as described above. Primers were designed using Primer Express 2.0 software by ABI Biosystems. The PvACR2 primers used were PvACR2 forward 5#-GCATAGCGGACCTG-CATGT-3# and PvACR2 reverse 5#-GCGGCTTCGATTTCTTTCTTG-3#. Actin was used as the internal control and the primers used were Act forward 5#-CAACAGGTATCGTGCTCGACTCT-3# and Act reverse 5#-GGCAATGCG-TAACCCTCATAA-3#. The qRT-PCR was run on the ABI Prism 7000 with a dilute cDNA/SYBR green mix (1:2). The primer pair concentration was at 300/300 nM determined from optimization runs with the cDNAs of interest. The manual baseline was set at 9 and 25. The data reflects three technical replications of three different biological samples by qRT-PCR. The DCT values were averaged, and the DDCT value calculated as the difference between the DCT values for gametophytes grown in the presence of 0 and 10 mM arsenate (DCT 10 2 DCT 0 ).
ICP Quantification of Arsenic in Yeast
One milliliter of a 24-h yeast culture was filtered onto a 0.45-mm nitrocellulose filter (Whatman) and washed with 10 mL of ice-cold 1 mM EDTA, 20 mM sodium citrate buffer, pH 7.0, followed by a 10-mL ultrapure water wash. The filter plus yeast was digested with 1 mL of concentrated nitric acid (Omnitrace) for 4 h at 115°C, and diluted with 4 mL of ultrapure water. Samples were analyzed using a Perkin Elmer-Sciex DRC-E ICP-MS fitted with an APEX-Q high-sensitivity desolvation system (Elemental Scientific).
Arsenic Speciation Using HPLC-ICP-MS
Arsenic reductase assays were performed as described above and incubated for 45 min. Arsenate and arsenite levels were measured in 10-mL aliquots of 100,000:1 dilutions of the assay mixture. Analytical conditions were modified from Wangkarn and Pergantis (2000) . Diluted samples were injected onto a Waters XTerra 5-mm C18 narrow-bore reverse-phase column (2.1 3 150 mm) and arsenic species eluted in a 12 mM tetrabutylammonium hydroxide, pH 6, mobile phase at a flow rate of 0.7 mL min 21 . Arsenic was detected postcolumn with an in-line VG PQ3 EXCELL ICP-MS (VG Elemental) equipped with an APEX-Q high-sensitivity desolvation system (Elemental Scientific Instruments), coupled via a tuneable microsplitter. Arsenite was quantified using
